ABSTRACT
INTRODUCTION
For decades, power factor penalties have been used as the basis for reactive power pricing. A low power factor implies that more current flows in the network than with the ideal situation with a unity power factor. The extra current flow means that the conduction losses in the wiring and transformers are higher than would be with a higher power factor for a given load. Current research has shown that power factor penalties do not provide accurate price signals to customers. In electricity markets, reactive power supply is classified as a part of ancillary service of electricity. It is realized that establishing accurate prices of reactive power can not only recover the costs of reactive power production, but also provide useful information related to the urgency of reactive power supply and system voltage support. Therefore, the spot pricing of reactive power becomes a significant research topic in power system restructuring. Spot pricing is motivated by the requirement that electricity prices to the customer follow, as closely as technically practical, the real cost of electricity at the time that it is produced and supplied. A summary of existing policies for real-time pricing rates is presented in Ref. [1] . Most findings in real-time pricing of reactive power are closely related to those of active power pricing. Little attention has been given to pricing of reactive power, even though it is an established fact that the flow of reactive power affects both real line losses and voltage magnitudes. One reason for this is the inherent difficulty in understanding the concept, especially by economists. Users and dispatchers of electricity get information on the cost and value of reactive power usage flows and sources through real-time prices of reactive power. Modifications of optimal power flow (OPF) models are used in Ref. [2] [3] to calculate real-time pricing of real and reactive power. Though the marginal cost of reactive power generation appears to be smaller than for real power, it is important to note that the cost differences between the entry and exit buses for real and reactive power are significantly comparable. The spot price can help to improve production efficiency and yield maximum social benefit. In [4] real-time pricing methods of reactive power are studied. A comprehensive study of spot pricing and its implementation are reported in [5] [6] . In [7] it is pointed out that reactive power price should recover not only the operational cost, but also capital investments of capacitors. However, the reactive power production cost of generators is neglected. In [8] , a detailed discussion on reactive power services is made and it is shown that the capital costs should be included in reactive power price. In [9] investigation is conducted on reactive power pricing by using the objective function of maximizing social benefit instead of minimizing the production cost. A latest paper [10] introduces opportunity cost as a reactive power production cost of generator but the computation of the cost is difficult. In this paper, the effects of various factors on reactive power spot price with reactive production cost consideration is studied. As a first step the electricity consumer competition is neglected and the loads are assumed from load forecasting. Taking the power flow equations as constraints, the reactive power-pricing problem becomes a typical optimal power flow (OPF) problem. In order to investigate the effects of various factors on reactive power price accurately, reactive power production cost of generators is included in the objective function of total system operation cost. A five-bus test system is used for computer study. The results from some study cases show clearly the effects of various factors, such as objective function, system operation point, load power factor, profit rate and bus voltage control etc., on reactive power marginal price.
PROBLEM FORMULATION

Objective function
In our study we assume the active and reactive power of loads is known from load forecasting and kept constant during optimization. Based on the assumption of constant loads, to minimize the total production cost is equivalent to maximize the total social benefits. The suggested Prague, 8-11 June 2009 Paper 0072 CIRED2009 Session 6
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hourly cost function takes the form:
where {G} is the generator set; ) ( C pgi Gi P is the active power production cost of generator i;
) is the reactive power production cost of generator i; P Gi , Q Gi are the active and reactive power output of the generator on bus i. The production cost of active power generation, i.e. the first item in Eq. (1), is modeled by a quadratic function where a, b and c are predetermined coefficients:
The reactive power cost of generator, i.e. the second item in Eq. (1), is the so-called opportunity cost [10] . The reactive power output of a generator will reduce its active power generation capability which can serve at least as spinning reserve, and the corresponding implicit financial loss to generator is modeled as an opportunity cost.
Equality constraints
The equality constraints are load flow equations:
where N is the total number of buses in the system; P Gi , Q Gi , P Di , Q Di are the active and reactive power generation and demand on bus i; Y ij θ ij is the element in the bus admittance matrix;
is the bus voltage at bus i and δ ij =δ i −δ j .
Inequality constraints
The Power generating limits give the maximum and minimum generating capacity, outside of which it is not feasible to generate due to technical or economic reasons. P gi,min ≤P gi ≤P gi,max , Q gi,min ≤Q gi ≤Q gi,max where P gi,min and P gi,max are the minimum and maximum active power output generated at bus i and Q gi,min and Q gi,max are the minimum and maximum reactive power output generated at bus i , The Transmission limits represent the maximum power a given transmission line is capable of transmitting and are usually based on thermal and dynamic stability considerations. P ij,min ≤P ij ≤P ij,max The Voltage limits to satisfy the voltage magnitudes are restricted to lie between specific upper and lower limits.
where V i,min and V i,max are the minimum and maximum voltage levels respectively. Whenever necessary, reactive power sources are used in the system to keep the voltages within the required limits. The phase angle at each bus is constrained to lie between lower and upper limits:
These limits may vary depending on the problem under consideration. Imposing phase angle limits at load buses is another way of limiting the power flows in the transmission lines and as for generator buses, this is done for stability reasons. Based on the above mathematical model the corresponding Lagrangian function of this optimization problem takes the form:
The marginal prices for active power and reactive power on bus i are pi λ and qi λ , respectively, in the above
Lagrangian function and will be taken as the corresponding spot prices in electricity markets [4 and 9] .
NON LINEAR PROGRAMMING FOR OPF SOLUTION USING PENALTY FACTORS FOR INEQUALITY CONSTRAINTS
The non linear programming using penalty factors for inequality constraints is applied to solve the OPF problem because it is one of the best methods in nonlinear programming developed recently [11] . In this study a modification of the OPF model following the formulation discussed above which allows pricing of reactive and active power demand. The problem is divided into two levels; namely the upper level problem, which satisfies the demand functions, and the lower level problem, which minimizes the total operating costs subject to operational constraints. A simple, five bus test power system is used in establishing the effects of real-time pricing. The results show that the greatest impact on real-time price of reactive power and as well as the generation and consumption patterns of reactive power by the utility and customers is due to the voltage constraints. This is because voltages are mainly affected by reactive power flows and adding reactive power sources can relieve voltage constraint violations. It is shown that reactive pricing results in customers paying the exact proportion as the amount of reactive power consumed as opposed to using power factor penalties which causes inequitable sharing of the cost burden. In the results for the five-bus system, the voltage limit at is set at 0.95 p.u. Under the power factor penalty method, this price would have been zero since the power factor at this bus is found to be more than 90%. The real-time price in this case is equal to the marginal price. Such a price will definitely cause the customer to consume less reactive power. Prague 
COMPUTER TEST RESULTS
Case Studies
A five-bus power system [12] is used for computer study (Fig.1) . There are two generators on buses 1 and 2, respectively. The nominal apparent power output of each generator is 125 MVA. The lower and upper limits of power generation is 50 and 150 MW. The active power production cost of each generator is: The system loads on buses 2-5 are listed in Table A1 of the Appendix A with a common power factor of 0.9. The transmission line impedance and charging admittance are given in Table A2 of the Appendix A. The other system operation limits used are voltage limit: 0.95≤V i ≤1.05, and swing bus settings: V 1 =1.06 and δ 1 =0°. In order to study the impacts of various factors on the marginal price of reactive power, the different cases are studied. Referring to Eq. (1): (1) The objective function has only the first item. This case is taken as the base case for comparison. ( 2) The objective function has both the items. (3) The objective function has both the items as described in Eq. (1) and based on this case, the impacts of various factors on reactive power marginal price, including load power factor, daily load change, and voltage control are studied.
Computer test Results for cases 1-2
The computer test results from cases 1-2 are used to study the impacts of objective functions on reactive power marginal price (RPMP) under normal operation conditions, where is the average cost of reactive power of the whole network, which is obtained through dividing the total system reactive power cost by the total reactive power demand. The following results are observed • When the system is operating at normal condition, the total active power production cost and the active power marginal prices at various buses have only small changes (no more than 5% for the latter) along with the objective function changes.
• For each test case, active power marginal prices at various buses are in the same order while the RPMP fluctuates significantly from bus to bus. Generally in nonstressed power systems, the active power marginal price is much higher than the RPMT. However, in a stressed system even with high power factors, the reactive power marginal prices may rise significantly. Some test shows that reactive power marginal prices may be higher than active power marginal prices if some buses in a stressed system have poor power factors and the system hits some operation limits.
• The total reactive power production cost changes apparently along with the objective function changes. Although the cost is small under normal operation condition, it can cumulate into a large amount.
• The revenue from reactive power marginal price will be much higher than that from the system average price of reactive power. Some adjustment should be made accordingly if RPMP is to be used.
Computer test results for case 3 The impacts of various factors including power factor on RPMP gives the following results
In normal load condition we can see:
• When the load power factor reduces from 1.0 to 0.7, the RPMP increases greatly while the average price increases very slowly. Therefore, the RPMP can provide clear economic information to loads to improve their power factors.
• When bus 5 reaches its minimum voltage of 0.95 per unit at a lower power factor, the corresponding RPMP of bus 5 increases dramatically, which can act as an index of the urgency of the reactive power supply and voltage support on bus 5.
• When the power factor is close to 1, the total system reactive power demand including reactive power losses of transmission lines can be supported by line charging capacitors. Therefore, the reactive power output of the two generators becomes negative which means that the system has surplus reactive power and the generators are asked to absorb reactive power.
• The revenue of reactive power supply based on the marginal price will be much more than those based on the average price especially at lower power factors. Therefore, some adjustment should be made if RPMP is going to be used.
Under heavy load condition, we can see:
• At poor power factor the reactive power marginal price might rise dramatically and even be higher than the active power marginal price for lack of reactive power and voltage support capability. The effects of the daily load change, for a given pattern is studied. The load power factor keeps as 0.9. It can be seen that the active power marginal prices are in the same order for the different buses, and their daily changes have 
CONCLUSION
Electricity rate structures have recently become an area of intense research, undergoing dramatic changes as new and expanded service options are added. Spot or real-time pricing of electricity provided the economic structure for many of these new service options. In this study, the modification of optimal power flow algorithm in reactive power pricing is presented. The approach presented provide a useful tool to answer the question whether to pay the reactive power charge or whether it is more profitable to make a capital investment in reactive compensation equipment. With the variation of the power factor, there is very little effect on real power rate but significant influence on the reactive power rates. In this paper the reactive power marginal price is studied in detail. Computer tests show the following.
(1) Under normal operation condition, the active power marginal price sub-problem can be studied with reactive power production cost neglected. The active power marginal price is usually much higher than the reactive power marginal price in non-stressed power systems.
(2) The reactive power production cost of generators should be considered in reactive power spot pricing for their noticeable impacts on reactive power marginal price. The revenue based on RPMP is much higher than that based on reactive power average price. Therefore, some adjustment should be made in using reactive power marginal price.
